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gated using oscillatory surface rheology performed on Langmuir monolayers. We found high values for the compression and
shear moduli for ceramide, compatible with a solid-state membrane, and extremely high surface viscosities when compared
to typical fluid lipids. A fluidlike rheological behavior was found for sphingomyelin. Lateral mobilities, measured from particle
tracking experiments, were correlated with the monolayer viscosities through the usual hydrodynamic relationships. In conclu-
sion, ceramide increases the solid character of sphingomyelin-based membranes and decreases their fluidity, thus drastically
decreasing the lateral mobilities of embedded objects. This mechanical behavior may involve important physiological conse-
quences in biological membranes containing ceramides.INTRODUCTIONCeramides are sphingolipids (1) that can form head-to-head
hydrogen bonds (2) to promote strong intermolecular inter-
actions in biological membranes. As a consequence, ceram-
ides in lipid membranes frequently segregate into ordered
domains with gel- or solidlike character (3). In vivo, during
natural apoptosis or when cell death is induced under stress,
infection, or g-irradiation, ceramide appears in the plasma
membrane as a product of sphingosine hydrolysis (4,5).
Immunofluorescence experiments (Cy3-labeled anti-ceram-
ide), performed on the plasma membrane during apoptosis,
have revealed accumulation of ceramide into large plat-
forms formed de novo from membrane sphingomyelin (4,5).
Although, to our knowledge, the precise biological func-
tion of the ceramide-enriched lipid domains has not yet
been elucidated, an immobilizing role has been suggested
to trigger the signaling process during apoptosis (6). In
general, ceramides are mechanically different from the rest
of the fluid membrane components, thus their biological
function could be related to a certain mechanical interplay
with other lipids and membrane proteins. According to
recent experiments, we have hypothesized about the possible
mechanical role of domains in the clustering and further
immobilization of membrane signaling receptors (7,8).
Due to its unfavorable molecular shape (inverted cone),
ceramides do not form stable bilayers alone, only gaining
sufficient stability when mixed with compatible bilayer-
forming lipids, particularly sphingomyelin. Langmuir mono-
layers of single ceramides could provide useful information
to help us understand the mechanical properties of mem-
brane ceramides in lipid mixtures including sphingomyelin.
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from the compression isotherms (9–14). From those studies,
ceramide monolayers are known to possess very low com-
pressibility compared to typical fluid phospholipids. In a
recent article, we demonstrated the strong differences in
the shear flow properties between ceramide layers and
typical fluid membranes (8). This article explores these
differences with an extensive rheological (compression and
shear) study of the viscoelasticity of ceramide layers contain-
ing the metabolic precursor sphingomyelin.
The viscoelastic parameters describing the capacity of the
membrane for deformation and flow under an external stim-
ulus have been measured in a number of biophysical studies
(15). Fluidity, understood as inverse viscosity, is one of the
principal attributes of biological membranes essential for
maintaining a proper lipid distribution and an adequate
diffusivity of the membrane proteins in the lipid bilayer—
two molecular aspects key for membrane function (7,16).
The shear flow through surface canals was exploited early
to measure surface fluidity of monomolecular films of fatty
acids (17). Since then, the information accumulated on the
structure (18–21) and rheological properties of monomolec-
ular layers (22–26) has crucially contributed to the creation
of the modern picture of biological membranes as complex
systems that are not only able to develop viscous flow under
protein motion (27–29), but also rigid enough to endow suf-
ficient mechanical resilience to support mechanical stability
under external stress (15,30,31).
The methods of surface rheology can be broadly divided
into devices that operate at constant surface area providing
shear properties and those that provide compression pro-
perties from changes in surface tension caused by lateral
packing deformations (see Fuller and Vermant (32) and ref-
erences therein). Relevant studies on model systems require
a combination of different experimental methods that candoi: 10.1016/j.bpj.2011.10.049
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logical context. This refers to as physicochemical conditions
resembling the structure of the real lipid bilayer (18,33).
Indeed, the rheological tool is so useful for getting new
insights into the mechanical function of biological mem-
branes that such methods are currently being used to reveal
dynamical aspects related to the complex functional inter-
play between the different membrane components and their
structure (8,34).
This article addresses the fundamental question of
membrane viscoelasticity of mixed ceramide/sphingomyelin
layers measured both in compression and in shear, with
a special focus on the solidlike character of the membrane
emplacements enriched in ceramide. We compared the me-
chanical behavior of Langmuir monolayers of egg-ceramide
(eggCer) and their mixtures with egg-sphingomyelin
(eggSM), which we discussed in terms of the lateral diffusiv-
ities of motion probes embedded in the monolayer (35).
For the sake of relevance, the work is restricted to a near
physiological state, usually assumed to correspond to a
monolayer packing compatible with a surface pressure of
pbilz 30 mN/m (33).MATERIALS AND METHODS
Materials
Lipids and chemicals
Egg ceramide (eggCer) and egg sphingomyelin (eggSM) were supplied by
Avanti Polar Lipids (Alabaster, AL) as high-purity powder. Just before use,
eggCer/eggSM mixtures (1:0 mol, 9:1 mol, 2:1 mol, 1:1 mol, 1:2 mol, and
0:1 mol) were dissolved in chloroform (Sigma-Aldrich, St. Louis, MO) to
achieve a final concentration of 0.5 mg/mL. The stock solutions were kept
at –20C. Experiments on Langmuir monolayers were performed on a water
subphase. High-purity water was produced by a Milli-Q source system (con-
ductivity<18 MU cm; g ¼ 72.6 mN/m at 20C; Millipore, Billerica, MA).Methods
The equilibrium characterization of the Langmuir monolayers was per-
formed by a combination of surface pressure (p-A) isotherms with Brewster
angle microscopy (BAM). The rheological study was performed upon
oscillatory compression (36) and shear (37–39). Surface states were
characterized by a surface pressure p0 and a packing area AB0B. All exper-
iments were performed at room temperature (255 1C). For the oscillatory
barrier experiments, we used a conventional Langmuir balance (NIMA,
Coventry, UK). The shear rheometer (Physica MCR301; Anton Paar, Ost-
fildern, Germany) was equipped with a biconical bob tool working in the
oscillatory mode (see the Supporting Material for details). Both techniques
take advantage of the general concept of mechanical causality relating the
stress response (s) and strain (u),
sðtÞ ¼ AuðtÞ; (1)
where A ¼ A0 þ iA00 is the complex viscoelastic function. In the linear
regime, for oscillatory strain (u ¼ u0 eiut), one measures the force stressed
by the monolayer s¼ s0 ei(utf) after an applied strain. Normally, a delay f
appears as a consequence of viscous friction. The elastic modulus is repre-
sented by the real part of the viscoelastic function, which is calculated asBiophysical Journal 101(11) 2721–2730A0 ¼ s0
u0
cosf: (2)
Viscous losses are represented by A00, the imaginary part of the visco-
elastic modulus that, for oscillatory motion, is related to the respective
(compression and shear) viscosities as
h ¼ A
00
u
¼ s0
uu0
sinf: (3)
Given the uncertainty in reproducing identical surface states, the final
viscoelastic parameters are affected by a typical experimental error ~dA0,
dA00 z 51 mN/m, larger than the instrumental resolution of the surface
stresses (ds z 50.01 mN/m) (a detailed discussion is provided in the
Supporting Material).
The transport properties were obtained from the lateral mobilities
measured by particle tracking (40,41). We used micron-sized PMMA
spherical particles as an interfacial probe of motion (5.75-mm diameter;
Microparticles, Berlin, Germany). The particles were spread on the lipid
monolayers previously formed in a homebuilt trough installed on the micro-
scope stage (see the Supporting Material for preparation details). Brownian
trajectories were tracked with an inverted microscope (Eclipse TE2000,
bright field, 20; Nikon, Melville, NY) and a cooled charge-coupled device
camera (DS-1QM, 1Mpx; Nikon) (a detailed description of the tracking
method is supplied as the Supporting Material). The trajectories must
follow the Einstein diffusion equation; in this method, the mean-square
displacements were (41)
MSDðtÞ ¼ 8Dt; (4)
where D is a bare diffusion coefficient, which is calculated as the slope of
the short-time diffusive part of the mean-square displacement (MSD)
trajectory (t < 1 s, typically). Finally, D was calculated as a statistical
average with its corresponding standard deviation.RESULTS
Equilibrium
Fig. 1A shows the experimental pressure-area (p-A) isotherm
of eggCer measured at room temperature (25 5 1C). For
molecular areas above 75 A˚2, the p-A isotherm remained at
a near-zero pressure that is compatible with a diluted state.
Upon compression below 75 A˚2, the lateral pressure in-
creased up to a pseudoplateau state at a pressure ~5 mN/m.
Then, at an area close to 50 A˚2, the isotherm suddenly rose,
eventually entering a collapse regime at Az 40 A˚2, charac-
terized by a constant pressure (~49 mN/m). Generally, the
isotherm displays a condensedlike shape characterized by
a high slope, typical of solid phases (14). This isotherm is
qualitatively similar to that recently obtained by Busto et al.
(13) for synthetic C16-ceramide.
To obtain more information about the structure of eggCer
monolayers, BAM images were simultaneously captured
along a compression cycle. Fig. 1, in images a–h, shows
the evolution of monolayer textures for progressive pressure
states. In the diluted state (p < 5 mN/m), the system was
found to be heterogeneous: gaseouslike regions occurred
as apparently uncovered areas (dark) between ceramide
platforms (bright). At this temperature, lipid patches showed
FIGURE 1 (A) Surface pressure p-A isotherm of eggCer monolayer at
compression rate of 5 cm2/min. (Inset) Elasticity modulus E of eggCer rep-
resented in function of the mean molecular area. (B) Elasticity modulus E of
eggCer represented in function of the surface pressure. E is obtained from
the experimental compression isotherm as the direct derivative of p(A),
using Eq. 5. (Images a–h) BAM micrographs of eggCer monolayers (scale
bar corresponds to 100 mm). Images represent monolayer states raised along
a continuous compression isotherm at 20C. (a) 0.3 mN/m, (b) 0.6 mN/m,
(c) 2 mN/m, (d) 5 mN/m, and (e–h) image sequence showing the surface
topography of eggCer monolayers at the collapse upon further compression.
Brighter regions correspond to thicker surface ruffles emerging from the
ceramide monolayer.
Mechanics of Ceramide-Based Monolayers 2723no flat edges, suggesting a molecular arrangement typical of
amorphous solids (glassylike). Upon further compression,
the gaseous regions became progressively covered by the
ceramide monolayer in such a way that the irregular-shaped
holes evolved into smaller circular areas and the solid frag-
ments merged into larger patches (Fig. 1, image c). Above
5 mN/m, the monolayer became homogenous, entering a
continuous solid phase, characteristic of the bilayer packing
state (pbil; see Fig. 1 d). At collapse (p R 45mN/m), the
monolayer thickened into a ruffled structure (Fig. 1, images
e–h). Upon further compression, thicker regions appeared as
surface ruffles progressively thickening into multilayer
fringes separated by monolayer furrows (Fig. 1, images
e–h). These textures, typical of fracturing solids upon lateral
compression, are compatible with buckling instability (42).
On the other side, sphingomyelin is well known to have
a fluidlike phase behavior in Langmuir monolayers (43).
Different to ceramide, SM monolayers displayed a coexis-
tence plateau (pcoex z 15–25 mN/m, depending on thechain length) between the expanded low-pressure phase
(LE) and the condensed liquid phase (LC), typical of the
bilayer packing state (14). At higher pressures, SM mole-
cules undergo a packing transition into a disordered solid
state (44). The monolayer of eggSM showed a broad LE/
LC coexistence plateau at pcoex
(SM) z 20 mN/m (see
Fig. S3 in the Supporting Material). Above 20 mN/m up
to collapse, BAM images revealed a homogenous LC state
for the single SM monolayer. For the Cer/SM binary mix-
tures, the p-A isotherms were observed to expand to higher
areas and smaller slopes with increasing SM contents
(Fig. S3), similar to the Cer/SM system studied by Busto
et al. (13). At the relevant packing (pbil z 30 mN/m), the
monolayers were invariably observed at the homogeneous
LC-state, although irregularly edged platforms were seen
at low pressures for the ceramide-rich states (Fig. S3). We
thus confirm uniform LC-monophasic behavior over the
whole compositional range at the biologically relevant state.Compression viscoelasticity
The equilibrium compression modulus, E0, is defined as the
change in monolayer pressure caused by an infinitesimal
change in the molecular area. It can be easily calculated
from the numerical derivative of the experimental p-A
isotherms as
E0 ¼ A vp
vA
: (5)
In the diluted regime (A> 50 A˚2, p< 5 mN/m), the egg-Cer
monolayer was highly compressible (E0< 50 mN/m). When
compressing below 50 A˚2, the equilibrium modulus
increased up to a maximum value (E0z 450mN/m) reached
at a surface area of ~47 A˚2 (Fig. 1 A, inset). A detailed anal-
ysis showed that the maximal rigidity appeared at pressures
ranging from 25 to 35 mN/m, corresponding to the biologi-
cally relevant surface packing (33). As expected, further
compression reduced E0 down to smaller values compatible
with the collapsed arrangement (Fig. 1 B). Fig. 2 shows the
compression modulus for EggCer/EggSM mixtures calcu-
lated as Eq. 5 from the compression p-A isotherms in
Fig. S3. As expected, the compression modulus drastically
increased with increasing eggCer (see Fig. 2, inset), a fact
intrinsically related to the compaction effect induced by
hydrogen-bonding with ceramide molecules (13).
The dynamic response against oscillatory compression
was measured at a constant frequency (u0 ¼ 2p/T ¼
0.29 s1). We explored strain amplitudes ranging from
0.3% up to 6% of the initial equilibrium area. Fig. 3 shows
the strain-stress plots measured for eggCer and eggSM at the
surface state pbil ¼ 30 mN/m, well within the homogeneous
LC phase of both lipids (see Fig. S1 for a typical time trace).
For eggSM, the experimental time traces were fitted to
the linear Eqs. S1 and S2 in the Supporting Material,Biophysical Journal 101(11) 2721–2730
FIGURE 2 p-Dependence of the elasticity modulus, E0, for lipid mono-
layers made of EggCer/EggSM mixtures: (solid line) 1:0 mol; (dashed
line) 2:1 mol; (dash-dotted line) 1:1 mol; (dotted line) 1:2 mol; and (dash-
dot-dot-dashed line) 0:1 mol; and that obtained from the p-A isotherms
(Eq. 5). (Inset) % SM-dependence of the maximal elasticity modulus,
E0
max, measured at the biologically relevant lateral pressurepbilz 30mN/m.
2724 Catapano et al.independent of the applied strain. As expected, only the
fundamental peak at u0, corresponding to the linear re-
sponse, was found in the power spectrum obtained by
Fourier transforming the experimental p(t) curves (Fig. 3,
inset). In this fluid case, a near-linear response typical of
a fluid system was measured over the considered deforma-
tion span. Nonlinear effects were clearly visible for the solidFIGURE 3 Experimental stress-strain curves obtained for (,) eggCer;
(6) eggCer/egg/SM 1:1 mol; and (>) eggSM monolayers. (Solid lines)
Asymptotic linear behavior s0 ¼ E0u0, well characterized by the linear
compression modulus E0 reported in Fig. 2. (Inset) Fast Fourier transform
stress functions of eggCer (black solid line) and eggSM (gray dashed
line) measured at ~4% strain amplitude. The spectrum for eggCer is char-
acterized by the presence of a series of harmonics (ku0) of the fundamental
mode u0 (excitation frequency). By contrast, only the fundamental mode is
found for eggSM monolayers.
Biophysical Journal 101(11) 2721–2730cases. Particularly, for eggCer monolayers, the experimental
time-traces could be fitted to the linear Eqs. S1 and S2 in
the Supporting Material only for strains smaller than 1%.
However, a number of harmonics are necessary to fit stress
responses at higher strains (see Eq. S5 in the Supporting
Material). Furthermore, the Fourier transform shows in
this case a typical nonlinear pattern where the smaller peaks
correspond to higher harmonics of the fundamental excita-
tion mode u0 (uk ¼ ku0, k ¼ 2, 3, .) (Fig. 3; inset)
(45,46). In this case, above a critical deformation threshold
uC, the stress-strain curve showed a softening deviation
characterized by smaller stresses than expected for linear
Hookean behavior s ¼ E0u0 (E0 taken from Fig. 2).
Oscillatory compression in the linear regime allows for an
adequate evaluation of time-effects. The strain amplitude
was set in all cases at 0.5% of the initial equilibrium area,
well within the linear regime. Fig. 4 A shows the values of
the dynamic compression elasticity measured as a function
of the frequency of the deformation u0 for the different sys-
tems at pbil ¼ 30 mN/m. For eggSM, the dynamic modulus
E(u) was constant, independent of the frequency, taking
values compatible with the equilibrium compression mod-
ulus E0. Similar qualitative behavior was observed for the
SM-rich monolayers, up to an eggSM content ~50%. Quite
different were the frequency-dependences found for ceram-
ide-rich monolayers, where the compression elasticity dis-
played a significant decrease with increasing frequency.FIGURE 4 (A) Frequency dependence of the compression elasticity
modulus E (solid symbols). Equilibrium value E0 obtained from the p-A
isotherms (dashed lines) (Fig. 2). (B) Frequency dependence of the
compression viscosity hE (open symbols) as obtained from oscillatory
barrier experiments for different eggCer/eggSM monolayers: (-) 1:0 mol;
(C) 2:1 mol; (:) 1:1 mol; (;) 1:2 mol; and (A) 0:1 mol.
FIGURE 5 (A) Experimental strain-stress plots under shear deformation
measured at fixed frequency of 1 Hz for different eggCer/eggSM mono-
layers: (-, solid line) 1:0 mol; (:, dashed line) 1:1 mol; and (A, dots)
0:1 mol. The yield stress sY defines a plastic plateau at gY. (Dashed line)
Boundary of the linear regime from the nonlinear regime. (B) Strain depen-
dence of the shear modulus G0 (solid symbols) and (C) the frictional shear
losses G00 (open symbols) as obtained from oscillatory barrier experiments
Mechanics of Ceramide-Based Monolayers 2725This behavior demonstrated softening plasticity at high
frequencies, suggesting the presence of yielding effects at
high compression rates (7).
The compression viscosity hE was evaluated using Eq. S4
in the Supporting Material (the particular expression of
Eq. 3). Fig. 4 B plots the values of hE as a function of u0
for the different systems. As expected in compression,
ceramide-rich monolayers (i.e., solidlike) exhibited much
higher viscosities than the SM-ones (i.e., fluidlike). With
the exception of the 1Cer:2SM mixture, the binary mono-
layers were characterized by intermediate viscosities. This
apparent anomaly (high viscosity) could be related to the
1:2 maximal compaction due to the molecular complexation
previously hypothesized by Busto et al. (13) at this particular
molar composition. Regarding the frequency dependence,
compression viscosities showed a linear power-law depen-
dence (hE ~ u
1), typical of a Voigt-like element with
constant viscous losses (Eloss ¼ uhE z constant). This is
characteristic of solid bodies deforming with a significant
higher elastic storage than the associated viscous losses
(E0[Eloss¼uhE). Like the ceramide monolayer, the mixed
ones exhibited a similar dynamic behavior, indicating the
dense character of these compacted systems with a solidlike
behavior under compression (hE ~ u
1), regardless of their
chemical nature.for the same eggCer/eggSM mixtures shown in panel A.Shear viscoelasticity
The solid character of ceramide-rich monolayers is better
observed in mechanical experiments probing a finite shear
response (G0 > 0). Adequate account requires previous iden-
tification of the linear regime. Fig. 5A shows the stress-strain
curves determined in shearing the monolayers at the biolog-
ically relevant state (pbil¼ 30mN/m) at a constant frequency
(1 Hz). For eggSM monolayers, viscous flow was character-
ized by a near-linear stress response curve, s ¼ sV ¼ G00g
(Newtonian flow) and sEz 0, corresponding to a zero shear
modulus, G0 z 0 (no shear resistance) (see Fig. 5 B).
Conversely, the stress response of eggCer contained both
elastic and flow components (s ¼ sE þ sV), with higher
elastic storage than viscous losses (G0 > G00; see Fig. 5, B
and C). In this case, the response curve exhibited a plastic
plateau characterized by a relatively low yield stress (sYz
0.8 mN/m; see Fig. 5 A). This defines the onset of plasticity
at shear strains >1% for eggCer, which is thus identified as
a soft solid. The frequency dependence of the shear response
was probed at low strains (g¼ 0.5%), which were chosen to
be lower than the yielding limit (gY z 1%; see Fig. 5 A),
therefore well within the linear regime.
Fig. 6 A plots the frequency dependence of the experi-
mental values of the shear parameters. For eggCer, the value
of the shear modulus is found high (G0 z 75 mN/m) and
systematically larger than the loss modulus (G0 >> G00),
as expected for a solid material able to resist lateral shear
(21). On the other hand, no measurable shear rigidity wasdetected for eggSM monolayers (G0 z 0), again an irrefut-
able proof of fluidity at the considered packing state (pbil ¼
30 mN/m). The shear viscosity was found in this case to be
several orders-of-magnitude lower than that for the eggCer
monolayer (see Fig. 6 B), indicating the pasty character of
ceramide with respect to its fluid precursor sphingomyelin.
Indeed, eggSM was so fluid with respect to eggCer that, at
low frequencies, the shear viscosity fell below the experi-
mental resolution of the bicone rheometer (see eggSM
at u < 1 s1 in Fig. 6 B). Likewise, in compression, the
frequency dependence of the shear viscosity of eggCer and
their mixtures with SM also displayed a linear power
law, ~u1, again a signature of the constant losses present
in these dense monolayers. However, a distinct behavior
was shown by the fluid eggSM monolayer, with a very low,
nearly frequency-independent viscosity (hS ~ u
0), character-
istic of Newtonian flow. The binary monolayers exhibited
shear parameters intermediate between the single-lipid
monolayers (Fig. 6 B) with an inversion of the absolute
values at a composition ~2:1 (Cer/SM) (Fig. 6 C). Thus,
the Cer-rich states (xCer > 66%) can be classified as ‘‘pasty’’
because they display a high shear rigidity and a high, but
finite, viscosity (G0 > G00).
However, because solids are able to resist shear, these
ceramide-rich monolayers are also able to develop flow
under lateral stress. Obviously, fluid sphingomyelin causes
disorder at the monolayers, quantified as a decrease in theBiophysical Journal 101(11) 2721–2730
FIGURE 6 (A) Frequency dependence of the shear modulus G0 and (B)
the shear viscosity hS obtained from oscillatory shear experiments at a
fixed strain amplitude of 0.5% for different eggCer/eggSM monolayers:
(-) 1:0 mol; (=) 9:1 mol; (C) 2:1 mol; (:) 1:1 mol; (;) 1:2 mol;
and (A) 0:1 mol. (C) Shear modulus G0 (-) and the frictional shear losses
G00(C) measured at a fixed frequency of 10 Hz and represented as a function
of the SM content present in the same eggCer/eggSM mixtures shown in
panels A and B. (D) Solid character (defined as a percentage of G0/G00 ratio)
of the same eggCer/eggSM mixtures shown in panels A and B as a function
of the % SM content.
FIGURE 7 (A) Typical image showing several PMMA microparticles
(at low surface covering) spread on a pure eggSM monolayer. (B) Mean-
square displacements (MSDs) for PMMA particles of 5.75-mm diameter
on different eggCer/eggSM monolayers: (,) 1:0 mol; (B) 2:1 mol; (6)
1:2 mol; and (7) 0:1 mol. (Inset) Diffusion coefficient obtained from the
linear fit of MSDs as a function of the SM content present in the eggCer/
eggSM mixtures.
2726 Catapano et al.shear modulus (i.e., softening) followed by a discrete de-
crease in viscosity (i.e., thinning). The increase of disorder
is such that at sphingomyelin contents >33%, the mono-
layer undergoes a mechanical inversion into higher viscous
losses than elastic storage. In this compositional regime
(xCer < 66%), the monolayers become a viscoelastic body
with flow properties dominant over elasticity (G0 < G00).
At optimal binary compaction (1:2 Cer/SM) (13), the mixed
system still preserves certain mechanically rigidity (G0 z
3 mN/m). However, at higher SM contents (xCer < 33%),
the systems might be certainly classified as viscous fluids
(G00 > G0 z 0), with flow properties similar to fluid SM.
Using the experimental values of G0 and G00, we constructed
a relative scale of hardness defined as a percentG0/G00 ratio. In
this scale, eggCer was assigned 100% hardness in contrast to
0% for pure eggSM (G0/G00 ¼ 0). The way the monolayer
hardness varies with SM content is plotted in Fig. 6 D. In
effect, introducing eggSM made the ceramide monolayer
progressively softer in such a way that only 10% SM pro-
duces ~50% softening with respect to pure ceramide. Higher
SM contents induced progressive softening on ceramideBiophysical Journal 101(11) 2721–2730monolayers, which became practically fluid at the physio-
logic composition 1:2 Cer/SM and beyond (G0/G00 % 20%).Lateral mobility by particle tracking
Embedded membrane objects (such as transmembrane pro-
teins or hydrophobic particles) undergo Brownian motion
under the action of thermal energy. Obviously, a high fric-
tion imposed by a viscous membrane introduces high drag
restrictions to particle motion. Consequently, lateral mobil-
ities might be correlated with the flow behavior described
above in such a way that lateral motion in membranes
containing ceramides might be largely slowed down with
respect to motion in a fluid SM-based environment. To
quantitatively address this conjecture, we tracked the lateral
diffusion of microparticles embedded within the same lipid
monolayers explored above. We used noncharged PMMA
microparticles, a hydrophobic probe of motion interacting
with the lipid layer under sticking conditions. Particle
density was chosen quite low, well below the packing tran-
sition, so that interparticle interactions could be reasonably
neglected.
Fig. 7 A shows a typical microscopy field containing a
few PMMA microparticles adsorbed into a lipid monolayer.
Mechanics of Ceramide-Based Monolayers 2727Microparticle diffusion coefficients were measured in
different lipid monolayers based on egg ceramide and its
mixtures with sphingomyelin. Under these conditions, the
particles typically undergo Brownian motion in two dimen-
sions, the mean-square displacements (MSDs) closely
following Eq. 4 (see the Supporting Material and Eqs. S8
and S9 therein). Fig. 7 B shows the time evolution of
MSDs. Each MSD trajectory represents an average over
~200 particles at different places in a sample and in different
samples (see Methods for details). At a given time, MSDs
increased with the content of eggSM, as expected for
increasing fluidity.
The analysis of MSDs in terms of Eq. 4 provides effective
values for the particle diffusion coefficient. From the linear
fits to experimental MSD curves, absolute values of D(SM)¼
0.68 5 0.04 mm2/s and D(cer) ¼ 0.15 5 0.05 mm2/s were
obtained for pure eggSM and eggCer, respectively (Fig. 7,
inset). These values are in agreement with previous litera-
ture data obtained in similar systems (40). Intermediate
mobilities were observed for the binary mixtures (Fig. 7,
inset). Remarkably, lateral diffusivity is reduced in solid
eggCer monolayers by ~78% with respect to fluid eggSM.
In general, the data in Fig. 7 show particle diffusivities
decreasing with increasing ceramide content—a trend com-
patible with the viscosity increase reported above.DISCUSSION
From our surface rheological study, we show unequivocal
pieces of evidence about the solid character of egg-ceramide
monolayers, a behavior radically different from most lipids
forming biological membranes. Important differences are
particularly found in the following properties.Compression elasticity
For egg ceramide at the biologically relevant state (pbil z
30 mN/m), the equilibrium modulus was abnormally high
(E0 z 450 mN/m), compared to typical fluid lipids
(z100 mN/m), e.g., POPC and Escherichia coli lipids,
representative of eukaryote and prokaryote membranes,
respectively (46). Such a high compression rigidity is even
much bigger than that found for saturated sphingolipids
(E0 z 100 mN/m for C16-SM) (13) and phospholipids
(E0 z 300 mN/m for DPPC) (47) in the gel phase, and
liquid-ordered monolayers compacted by high cholesterol
contents (E0 z 400 mN/m for 1SM/1Chol mixtures) (48).
This fact underlies the idea of ceramide monolayers as
very rigid solid assemblies, stiffer than other solidlike lipid
systems. Regarding dynamics, ceramide monolayers also
differ significantly with respect to fluid systems upon lateral
compression (see Fig. 4 A).
The dynamic softening observed for ceramide-rich mono-
layers, E(u) R E0, indicates smaller instantaneous rigidity
than under quasistatic compression conditions, a pseudo-plastic behavior typical of soft solids that flow better at
high rates. Similar to Bingham plastics unable to flow at
low rates, such solid materials increasingly resist compres-
sion at low frequencies, but undergo yielding flow when
deformed at higher rates (49). Such a yield plasticity was
indeed revealed in ceramide monolayers as a stress soft-
ening observed upon faster compression rates at increasing
deformation (see Fig. 3). For SM-rich monolayers, however,
the dynamic modulus was found essentially constant inde-
pendent of the compression frequency—a mechanical char-
acteristic typical of Newtonian fluids.Shear elasticity
Solid membranes exhibit structural rigidity and so resist
shear deformations, which are characterized by a finite shear
modulus. Such a solidlike behavior was observed for mono-
layers containing eggCer (see Fig. 6), a higher relative
content of ceramide defining a stiffer solid character of
the membrane (see Fig. 6, C and D). Particularly, at the bio-
logically relevant state (pbil), pure ceramide monolayers
were characterized by a shear modulus as high as G0 z
80–100 mN/m, a value three-orders-of-magnitude higher
than that measured for DPPC monolayers at gel state (8).
Although increasing SM contents decreased the solid char-
acter, G0 remained finite up to a relatively high SM content
(G0 > 0 for xCer < 66%), indicating the high capacity of
ceramide to condense SM molecules and impart solid order
to SM-based membranes. On the other hand, single SM
monolayers were characterized by a zero shear modulus,
an unequivocal evidence for fluidity.Surface viscosity
Flow properties were remarkably different for ceramide
monolayers compared to typical fluid systems. At the biolog-
ically relevant state (pbil), the surface viscosities of solid ce-
ramidemonolayers had values as high as hEz hSz 200mN
s/m (at a reference frequency,uz 0.1 s1; Figs. 4 B and 6 B,
respectively). These values were comparatively higher than
the moderate viscosities measured for gel-like DPPC
(hE z 100 mN s/m (47) and hS z 1 mN s/m (8)) and the
relatively low ones measured for fluid monolayers (hE z
50 mN s/m (50), hS z 0.3 mN s/m (8) for POPC, and
hE z 20 mN s/m (51), hS <<0.1 mN s/m (8) for E. coli
lipids; at uz 0.1 s1). The monolayers of pure SM indeed
showed a high fluidity, characterized by surface viscosities as
low as hE z 30 mN s/m (Fig. 4 B) and hS z 0.1 mN s/m
(Fig. 6 B) (at u z 0.1 s1). Mixing ceramide with SM
elicited a progressive increase in fluidity due to SM, which
occurred in parallel to the decrease in solid character im-
posed by ceramide. The inversion between predominantly
solid- and a fluidlike behavior occurred close to a 2:1
Cer/SM compositional ratio. Higher SM contents were char-
acterized by a relatively low solid character (<<50%, asBiophysical Journal 101(11) 2721–2730
2728 Catapano et al.defined in Fig. 6 C) and a high fluidity, typical of SM. At the
physiological composition 1:2 Cer/SM, the system behaved
as essentially fluid (G00 >G0), although with a shear viscosity
2–3 times higher than pure SM and a very low, but still finite,
shear rigidity (see Fig. 6). Consequently, the ceramide plat-
forms existing in vivo should be expected to be much more
solid and viscous than typical fluid membrane phases.Lateral mobility versus solid character
On the basis of the above results, ceramide-rich membrane
environments should mechanically behave as weakly rigid
(soft) solids and exhibit less fluidity than typical fluid
membrane sites formed by sphingomyelin, phospholipids,
and their mixtures with cholesterol. This hypothesis has
been previously stated in the literature (8,52), but the pre-
sent results confirm the picture. Therefore, if the enzymatic
production of ceramide is triggered at a given membrane
site, a decrease in fluidity followed by a partial solidification
is expected to localize at that emplacement. Consequently,
protein diffusion would be extremely slowed down inside
these ceramide-rich domains. In an attempt to understand
the constitutive relationships between mechanical and trans-
port properties, how ceramide affects lateral mobilities and
how it could eventually shape their physiological function,
we will discuss the correlation between the diffusional
mobilities with the solid character imposed by ceramide.
The conclusions will be later put into a biological context.
In Fig. 8, we correlated the relative lateral diffusivities
obtained from the particle tracking experiments with the
primitive transport property expressed as a shear viscosity.
As expected, there was an inverse correlation between
lateral diffusivity and viscosity. In other words, membrane
fluidity and lateral diffusivity were mutually proportional,
D ~ hS
1, as predicted by the Stokes-Einstein (SE) relation-FIGURE 8 Diffusion coefficient D relative to the diffusion coefficient of
SM DSM as a function of surface shear viscosity hS relative to the shear
surface viscosity of SM hS
SM as obtained from the shear oscillatory ex-
periments for different eggCer/eggSM mixtures. (Vertical dashed line)
Two different viscoelastic behaviors characterized by G0 < G00 (left) and
G0 > G00 (right). (Solid line) Stokes-Einstein dependence. (Dashed line)
Saffmann-Delbru¨ck prediction (see text for details).
Biophysical Journal 101(11) 2721–2730ship for the diffusional motion of a spherical object with
radius R in a bulk fluid of shear viscosity h:
DSE ¼ kBT
6phR
: (6)
This SE expression has been successfully exploited to
determine apparent microviscosities from experimental
mobilities. However, using Eq. 6 to analyze membrane
diffusivities requires turning the bulk viscosity h into an
equivalent surface value. This correspondence is usually
performed by transforming the surface shear viscosity (hS)
of a membrane of thickness h into an equivalent bulk
value using the approximate dimensional correspondence,
h ~ h hS. However, no exact quantitative correspondence
is provided by this relation, thus no absolute values of
surface viscosity can be calculated using Eq. 6 from particle
tracking experiments. Nevertheless, the surface-modified
SE relationship can be successfully exploited to calculate
relative viscosities from relative diffusivities as
D
Dð0Þ
¼
 
hS
h
ð0Þ
S
!1
: (7)
In this work, Eq. 7 was used to test the inverse correlation
between lateral diffusivities and shear viscosities, indepen-
dently measured in tracking and rheology experiments,
respectively. For the fluid monolayers (xCer < 33%), the
agreement between theory and experiment was quantitative.
However, slower mobilities were predicted by Eq. 7 for the
solidlike systems (xCer > 33%). Indeed, Saffman and
Delbru¨ck showed that a particle trapped in a viscous mem-
brane also feels drag from the adjacent bulk phases, its
mobility enhanced by a logarithmic factor depending on
the ratio of the surface/bulk viscosities,
DSD ¼ kBT
6phSh
log

hSh
2h
 0:577

: (8)
Predictions from the Saffman and Delbru¨ck model are also
plotted in Fig. 8.As expected, Eq. 8 predicts highermobilities
than effective SE-friction in Eqs. 6 and 7. At high SM
contents (xCer < 33%), the monolayers are so fluid that the
logarithmic correction is not quite relevant. However, at
higher viscosities, Saffman and Delbru¨ck’s model predicts
higher mobilities, although still slower than those experi-
mentally measured in tracking experiments. Lateral mobil-
ities might be just a matter of viscous flow in SM-rich
fluid membranes; however, the viscoelastic character intro-
duced by ceramide might introduce an additional elastic
component to particle impulse at xCer> 33%. Consequently,
dominant membrane elasticity in ceramide-rich membranes
might impart higher mobility than expected from the usual
Saffman-Delbru¨ck approach (see Fig. 8; G0 < G00), which
just accounts for frictional control in a fluid environment
Mechanics of Ceramide-Based Monolayers 2729(G00 [ G0). Overall, despite these details, data in Fig. 8
depict ceramide as a pasty agent able to impart profound
changes on membrane dynamics, particularly a large
decrease in the lateral mobilities of the objects embedded
within.Biological implications
From this study, the pasty nature assigned to ceramide
membranes may involve strong physiological consequences.
The large increase in viscosity and the solid character,
together with the decrease in molecular mobility imposed
by ceramide, could be relevant in apoptosis. Ceramides are
generated in the cell in response to different stresses that
can harm the cell (even to activate a programmed cell death
cascade, i.e., apoptosis). Recently, Cremesti et al. (6) sug-
gested an immobilization role for ceramide-rich domains
formed in the plasma membrane during apoptosis. Such a
process is conceived as an accretion of immobilized proteins
that triggers the signaling events before apoptosis.
From our results, the immobilization capacity of ceramide
platforms can be easily conceived, with the ceramide solid-
like domains working as sequestrating elements for sig-
naling proteins. Protein diffusion within a ceramide-rich
domain would be extremely slowed down and the signaling
proteins would be frozen (capping) within the domains. A
possible role for ceramidewould be related to the entrapment
of these proteins to amplify the signal response. The partition
of some membrane proteins into ceramide domains has
recently been reported (53). In that study, although none of
the studied proteins is involved in signaling processes, the
results suggested a functional role of ceramide platforms in
connection with their singular mechanical properties (53).
Therefore, we conclude that ceramidesmight have amechan-
ical role in membrane physiology.SUPPORTING MATERIAL
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